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In this paper, the effect of gold nanoparticles on n-i-p a-Si:H solar cells with different intrinsic layer (i-layer) thicknesses has been
studied. 100 nm and 500 nm i-layer based n-i-p a-Si:H solar cells were fabricated and colloidal gold (Au) nanoparticles dispersed in
water-based solution were spin-coated on the top surface of the solar cells. The Au nanoparticles are of spherical shape and have
100 nm diameter. Electrical and quantum efficiency measurements were carried out and the results show an increase in short-circuit cur-
rent density (Jsc), efficiency and external quantum efficiency (EQE) with the incorporation of the nanoparticles on both cells. Jsc increases
from 5.91 mA/cm2 to 6.5 mA/cm2 (10% relative increase) and efficiency increases from 3.38% to 3.97% (17.5% relative increase) for
the 100 nm i-layer solar cell after plasmonic enhancement whereas Jsc increases from 9.34 mA/cm
2 to 10.1 mA/cm2 (7.5% relative
increase) and efficiency increases from 4.27% to 4.99% (16.9% relative increase) for the 500 nm i-layer cell. The results show that plas-
monic enhancement is more effective in 100 nm than 500 nm i-layer thickness for a-Si:H solar cells. Moreover, the results are discussed in
terms of light absorption and electron hole pair generation.
 2015 Elsevier Ltd. All rights reserved.
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Thin film solar cells have gained a lot of interest as it
offers the potential to bring down the cost of the solar cell
due to the reduced material volume. But obtaining high
efficiency in thin film solar cell still remains a challenge as
a significant fraction of the solar spectrum passes throughhttp://dx.doi.org/10.1016/j.solener.2015.07.018
0038-092X/ 2015 Elsevier Ltd. All rights reserved.
⇑ Corresponding author. Tel.: +971 2 810 9105; fax: +971 2 810 9101.
E-mail address: anayfeh@masdar.ac.ae (A. Nayfeh).the cell without being absorbed. Light trapping, which
increases the optical path of the light inside absorber layer,
is really important to increase the efficiency of thin film
solar cells. For conventional thick film Si solar cell, light
trapping is achieved by surface roughening but for thin film
solar cell nanoscale texturing is required, due to its thinner
absorber material, which is difficult to obtain and also
tends to increase surface recombination and reduced mate-
rial quality. Hence different approaches have been investi-
gated like plasmonic (Atwater and Polman, 2010;
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gratings (Haase and Stiebig, 2007; Heine and Morf, 1995;
Michel and Kimerling, 2007), photonic crystals (Bermel
et al., 2007; Campbell et al., 2000; Zhou and Biswas,
2008) to achieve high efficiency from thin film solar cells.
Plasmonic solar cell, where metal nanoparticles are used
to scatter light in the absorber layer as shown in Fig. 1, are
of great interest as they are easy to fabricate, do not inter-
fere with cell processing and do not increase the cell surface
area which might cause degradation in performance of
solar cell. Metal nanoparticles embedded in a dielectric
material can produce strong scattering at a particular
wavelength due to localized surface plasmons. These are
the collective oscillation of the free electrons at the metal
boundary. Upon the excitation with incident light, move-
ment of electrons leads to a polarization charge close to
resonance frequency and incident light in the region of this
resonance either gets absorbed or scattered (Maier and
Atwater, 2005). The increase of photocurrent in solar cell
by metal nanoparticles can be explained by this light scat-
tering mechanism, which is one of the two prominent
mechanisms that can explain the contribution of metal
nanoparticles. The other mechanism is known as
near-field localization effect (Temple et al., 2009).
Assuming that metal nanoparticles are spherical and the
size of the particles are well below the wavelength of the
incoming light, the scattering and absorption cross sections
in the dipole approximation (first order quasi-static
approximation of the exact Mie solution) are given by












whereFig. 1. Light trapping by forward scattering from metal nanoparticles









is the polarizability of the particle. Here V is the volume of
the particle, ep is the dielectric function of the particle and
em is the dielectric function of the embedding medium.
From Eq. (3), it is clear at ep = 2 em, the particle polariz-
ability will become very large and this concept is known as
surface plasmon resonance. For light scattering it is impor-
tant to have scattering cross section much larger than
absorption cross section ( Bohren and Huffman, 1983;
Derkacs et al., 2006).
Silver (Ag) and Au are the most commonly used metals
for plasmonic application (Akimov and Koh, 2010; Naik
et al., 2013; Sönnichsen et al., 2002). Ag is usually preferred
because of its lower absorption losses and higher scattering
cross section. But other factors such as surface termination,
physical abundance and fabrication issues must also take
into account. Ag is a rare metal, also it can form an absorb-
ing oxide layer which causes damping and increase absorp-
tion (Akimov and Koh, 2010; Sönnichsen et al., 2002). On
the other hand Au does not form any oxide layer (Temple
and Bagnall, 2011). Moreover relatively large nanoparticle
is desirable for a higher scattering cross section (Temple
and Bagnall, 2012) and it has been shown that large Au
nanoparticle will scatter more light in the forward direction
than Ag nanoparticle (Paris et al., 2012) of similar size,
making Au nanoparticle a good candidate to be used on
the top side of the solar cell. Incorporation of these
nanoparticles on top of solar cells can be done in various
ways including drop-casting, dip coating etc. but spin coat-
ing remains desirable for large scale production due to its
cost-effectiveness and ease of integration (Prevo and
Velev, 2004; Shukla et al., 2004; Stuart and Hall, 1998;
Xia et al., 2004). For this work, 100 nm Au nanoparticles
were spin coated on top of two a-Si:H n-i-p solar cells with
100 nm and 500 nm i-layers and plasmonic enhancement
was studied. It was found that plasmonic enhancement is
more effective for a-Si:H solar cells that have 100 nm
i-layer.2. Experiments
Fig. 2 shows the structure of the fabricated thin film
a-Si:H solar cells. The solar cell stack was grown on a p+
type Si wafer and consists of 20 nm heavily doped p-type
a-Si, ‘x’ nm of undoped a-Si:H (x being 100 nm and
500 nm), 20 nm heavily doped n-type a-Si and finally
80 nm Indium Tin Oxide (ITO) on top (http://www.
mvsystemsinc.com/researchand-development-services,
2014). The p+ Si substrate served as the back contact, and
did not contribute significantly to the carrier generation. At
first, all the samples were cleaned using standard RCA
cleaning procedure. The resultant chemical oxide preserves
a high-quality c-Si surface which is important to minimize
the amount of interface defects (Alnuaimi et al., 2013).
Fig. 2. Cross-section of the fabricated ITO/a-Si:H n-i-p solar cell with Au
nanoparticles spin-coated on the top surface (figure not to scale).
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acid (HF) to strip the covering oxide cap before loading
into the vacuum deposition system. The n+, undoped and
p+ layers of a-Si:H were grown using Plasma Enhanced
Chemical Vapor Deposition (PECVD) tool in a single
run to minimize defects at the interfaces (Martins et al.,
2000). Then 80 nm of ITO was sputtered on the top layer
using RF sputtering tool (http://www.mvsystemsinc.com/
researchand-development-services, 2014). More details of
the solar cell fabrication process can be found in (Abdul
Hadi et al., 2014, 2011; Chowdhury et al., 2014; Islam
et al., 2013). Afterwards 100 nm Au nanoparticles dis-
persed in Phosphate Buffered Saline (PBS) (http://
www.sigmaaldrich.com/materials-science/nanomaterials/
gold-nanoparticles, 2014) solution were spin-coated on top
of ITO. The effect of Au nanoparticles size on the overall
performance of the solar cell has been discussed elsewhere
(Islam et al., 2014). After the nanoparticles coating, 100 nm
of silver was deposited using E-beam Physical Vapor
Deposition (PVD) tools and lift-off was performed to form
the finger contacts. In order to determine the effect of these
spin coated Au nanoparticles on different i-layer cells,
External Quantum Efficiency (EQE) were measured and
current–voltage (JV) characterization were performed
under 1-sun conditions. Three different cell area-sizes were
fabricated i.e. 1 cm  1 cm, 0.5 cm  0.5 cm and
0.25 cm  0.25 cm. Unless otherwise stated, solar cells of
size 0.25 cm  0.25 cm are presented in this work.Fig. 3. SEM image of the top surface of the fabricated n-i-p a-Si:H solar
cell with 100 nm Au nanoparticles on the ITO surface.3. Results and discussions
The spin coating recipe was optimized to obtain uniform
distribution as well as optimum concentration of particles
on the surface. Several spin-coating recipes were investi-
gated and SEM images were studied to see the distribution
of nanoparticles. The most optimized spin-coating recipe
was found to be 2000 rpm speed, 1000 rpm acceleration
and spinning for 60 s which shows minimum
non-conformal aggregation of nanoparticles. The surface
coverage was also calculated using SEM images taken on
different locations of the cells and was found to be
0.7854% with a variance of 0.016%. ImageJ software
were used for this calculation (“http://imagej.nih.gov/ij/,”2015). For both the cells, same concentration and volume
was used, and only 1 spin was carried out. More insight
into the spin-coating optimization is described elsewhere
(Islam et al., 2014; Israelowitz et al., 2014). Fig. 3 shows
a SEM image of the top surface showing the Au nanopar-
ticles on top of the solar cell.
Fig. 4 shows the J–V curve for the reference cells and
cells with 100 nm nanoparticles. The Jsc tends to improve
due to plasmonic enhancement for both 100 nm and
500 nm i-layer cells while Voc does not change significantly
with nanoparticles or the i-layer thickness and remains at
0.89 V. Table 1 summarizes the main findings of this work,
listing the Voc, Jsc, fill factor (FF) and efficiency (g) of the
reference cells and cells with 100 nm nanoparticles. It also
shows relative increase in Jsc and efficiency of nanoparticles
coated cells compared to reference cells for both 100 nm
and 500 nm i-layer cells.
Fig. 5 shows EQE of the reference cells and nanoparti-
cles coated cells. 1 cm  1 cm cells were used to perform
EQE measurements. The results show an improved spectral
response from the nanoparticles coated cells compared to
reference cells. Peak EQE of the 100 nm i-layer cell is
51% for the cell with nanoparticles while the reference cell
has 45% peak EQE. On the other hand, 500 nm i-layer ref-
erence cell has 61% peak EQE and nanoparticles enhanced
cell has 65% peak EQE. These results show that nanopar-
ticle incorporation has higher impact on 100 nm i-layer cell
where relative improvement of the peak is around 13.33%
than 500 nm i-layer cell where relative improvement of
the peak is around 6.57%.
All these results show that incorporation of Au
nanoparticles increases the performance for both types of
cells but 100 nm i-layer cell yields to larger relative perfor-
mance enhancement by Au nanoparticles. This can be
explained by analyzing the effect of metal nanoparticles
on the incoming photos relative to the thickness of
i-layer. Metal nanoparticles are capable of scattering the
Fig. 4. Measured J–V characteristics of n-i-p a-Si:H reference cells and
cells with 100 nm Au nanoparticles for both 100 nm and 500 nm i-layer
cells.
Fig. 5. Measured external quantum efficiency of n-i-p a-Si:H reference
cells and cells with 100 nm Au nanoparticles for both 100 nm and 500 nm
i-layer cells.
Fig. 6. Absorption depth profile of a-Si marking each 100 nm from 100 to
500 nm.
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scattering cross-section exceeds the geometrical cross sec-
tion of the nanoparticles e.g. silver nanoparticles in air
have a scattering cross-section that is approximately ten
times the cross-sectional area of the particle at the resonant
frequency (Soller and Hall, 2002). This scattering cross sec-
tion depends heavily on the size of the nanoparticles.
Smaller nanoparticles can only scatter a narrow range of
wavelengths and also have higher absorption. Increasing
the size of the nanoparticles broadens and attenuates the
scattering peak and moves it to longer wavelength.
Compared to smaller particles, larger particles have weaker
peak scattering efficiency but can scatter a broader range of
wavelengths and hence have a higher average scattering
efficiency across the spectral range which will give a larger
enhancement from the solar cell (Temple and Bagnall,
2012). More details on the trade-off between scattering
and absorption by metal nanoparticles for plasmonic solar
cell can be found elsewhere (Li et al., 2014). Now, 100 nm
Au nanoparticle can scatter a broader range of wavelength
with a peak 560 nm which increases the optical path
length inside the cell (http://nanocomposix.com/pages/
gold-nanoparticles-optical-properties, 2015). This optical
path length refers to the distance that an unabsorbed pho-
ton may travel within the cell before it escapes out of the
cell. Increasing the optical path length increases absorption
inside the cell which is the reason for enhanced perfor-
mance by both 100 nm and 500 nm i-layer cells after
nanoparticle incorporation. For a cell with 100 nm absor-
ber layer, any increase in optical path length can play a
vital role in terms of absorption. Since the absorption is
much higher in the first 100 nm than the next 100 nm,
any increase in the path length within the first 100 nmTable 1
Summary of results.
Cell Voc (v) Jsc (mA/cm
2)
100 nm_Ref cell 0.89 5.91
100 nm_Au NP cell 0.89 6.5
500 nm_Ref cell 0.89 9.34
500 nm_Au NP cell 0.89 10.04absorber layer contributes more in photo-generation than
any increase in the path length within 500 nm absorber
layer. Fig. 6 shows the absorption depth (d) of a-Si mate-
rial (http://www.pveducation.org/pvcdrom/pn-junction/




ð4Þwhere a is absorption coefficient which has been deter-
mined at 300 K as a function of vacuum wavelength of
light. It shows that the first 100 nm of the absorber from
the top absorbs the spectrum up to 560 nm. As the thick-
ness increases, absorption by each 100 nm keeps on
decreasing. An absorber layer of 500 nm can eventually
absorb up to 690 nm of the spectrum. This is the reason
for higher performance enhancement by 100 nm cellDJsc (%) FF (%) g (%) Dg (%)
9.98 64 3.38 17.46
67 3.97
7.49 51 4.27 16.86
56 4.99
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nanoparticles.
4. Conclusion
In summary, the effect of i-layer thickness on the plas-
monic enhancement of an n-i-p a-Si:H thin-film solar cell
has been studied. The results show an increase in Jsc, effi-
ciency and spectral response with the incorporation of
the Au nanoparticles in both cells. It also shows that per-
formance enhancement due to plasmonic nanoparticles is
more effective for the 100 nm i-layer cell compared to
500 nm i-layer cell. For 100 nm i-layer cell, Jsc increases
from 5.91 to 6.5 mA/cm2 (10% relative increase) and effi-
ciency increases from 3.38% to 3.97% (17.5% relative
increase). And for 500 nm i-layer cell, Jsc increases from
9.34 to 10.04 mA/cm2 (7.5% relative increase) and effi-
ciency increases from 4.27% to 4.99% (16.9% relative
increase). EQE also shows similar trend of improvement
after nanoparticle incorporation. 100 nm i-layer cell shows
13.33% enhancement of the peak after nanoparticle incor-
poration whereas 500 nm i-layer cell shows only 6.57%
enhancement of the peak. Finally, the results highlight a
promising and simple enhancement for future thin film
solar cells using plasmonic Au nanoparticles.
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